Background: Density functional theory was used to demonstrate how the presence of second metals can modify the adsorption energies of oxygen reduction intermediates on Au (100) surfaces. Taking the importance of the modification of oxygen reduction reaction in fuel cell activity into consideration, the adsorption energy and the stable adsorption sites for the intermediates of this reaction in Au (100) and bimetallic Au/M (100) (M = Pt, Cu, and Fe) systems were closely examined. After optimization of the structures, calculations of the density of states, d-band center, electron charge transfer, and adsorption energies of the intermediates of oxygen reduction reaction were accomplished.
Background
One of the key goals of catalyst manufacturing is to develop new materials that have novel catalytic properties. It is possible to design catalysts with superior properties by alloying two or more metals [1, 2] . Bimetallic catalysts are shown to have reactivities unlike those of the monometallic catalysts [3, 4] . They are extensively used in many catalytic and electrocatalytic applications [5] . Bimetallic surfaces are produced by replacing either the submonolayer or overlayer coverage of a single crystal with an admetal. The presence of these surfaces has brought about a wide range of new chemical, electronic, and physical properties in catalysis industry. The electronic and chemical properties of a metal in a bimetallic surface may change due to two important factors. The first factor is the ligand effect that is the formation of the hetero-atom bonds. It modifies the electronic structure of the metal surface by changing its electronic environment. The second factor is the strain effect that modifies the electronic structure by changing the orbital overlap. The strain effect is manifested by the different average metal-metal bond lengths in bimetallic surfaces in comparison with those of the parent metal surfaces. However, since the strain and ligand effects usually appear together, it is complex to differentiate between them even in surface science investigations [6] .
Kitchin et al. [7] have used density functional theory (DFT) calculations to demonstrate the ligand effect; they have shown that the existence of sublayer 3d metals in Pt (111) surfaces expands the Pt surface d-band. It was found that the width of the surface d-band is relative to the interactions between the d orbitals of the Pt surface atoms and the d orbitals of the subsurface 3d metal atoms. Because of the band broadening, the average energy of the Pt (111) d-band goes down in order to compensate for the d-band filling, and this will change the surface chemical properties.
Likewise, using the DFT calculations, the strain effect was shown to modify the chemical properties of surfaces by shifting the average energy of the d-band (d-band center) [8] .
The poor oxygen reduction kinetics on Pt electrodes has stimulated the study of oxygen reduction on other bimetallic catalysts [9] [10] [11] [12] . One of the most active catalysts for the electrochemical reduction of oxygen is Au (100) in alkaline solution, which exhibits an even higher activity than polycrystalline Pt. It is remarkable however that gold single-crystal electrodes show exceptional structural selectivity toward water or hydrogen peroxide. On Au (111) electrodes, the reduction of oxygen proceeds as a twoelectron process to hydrogen peroxide, whereas on Au (100), the product will depend on the pH of the solution. In acidic media, the reduction proceeds as a two-electron process, whereas in alkaline solution, it is a four-electron process [13] .
In the current study, we examine oxygen reduction on Au/M (100) (M = Pt, Cu, and Fe) using density functional theory, focusing on the effect of the presence of a second metal on the adsorption of oxygen reduction reaction intermediates on bimetallic Au/M (100) (M = Pt, Cu, and Fe) surfaces.
Methods

Computational details
Calculations were carried out within the framework of density functional theory using the Quantum Espresso v4.1, which is a DFT code based on plane wave basis sets. Electron-ion interactions are demonstrated using the projected augmented wave method, which was expanded within a plane wave basis, setting up a cutoff energy of 50Ry (≈680.2eV). Electron exchange and correlation effects were described by the generalized gradient approximation of Perdew et al. known as PW91 [14] . Brillouin zone integration was performed using a 3 × 3 × 1 Monkhorst Pack grid. The Au and Au/M (M = Pt, Cu, and Fe) surface calculations were performed using face-centered cubic (fcc) (100) surfaces modeled by 2 × 2 unit cells of five substrate layers. A vacuum space equivalent to eight layers is utilized to detach the slab from the slabs of the upper and lower cells. In this way, there were no interactions between the adsorbed intermediates and the bottom surface of the next slab. All metal layers were allowed to relax using the Hellman-Feynman forces computed at each geometry step.
The pseudomorphic overlayer bimetallic structures (Au-M) were built by replacing the topmost layer of Au (100) slabs with a layer of the appropriate metals (Pt, Cu, and Fe). The pseudomorphic submonolayer bimetallic structures (Au-M-Au) were built by replacing the second layer of Au (100) slabs with a layer of the analysis of some of the catalytic systems, the thermodynamic stability of the bimetallic surfaces is important to consider. However, in our study, it was not taken into consideration since we are investigating the trends in oxygen reduction reaction intermediate chemisorptions on the Au/M (100) bimetallic systems. So, we decided to use the experimental lattice constant. Both the overlayer and the submonolayer bimetallic structures were relaxed to find out the optimized interatomic distance of neighboring atoms in subsequent layers. In all systems, the adsorption energy of intermediates is calculated according to the following equation:
where n is the number of adsorbate intermediates in the surface of the unit cell, and E nA/slab , E slab , and E A represent the total energies of an intermediate adsorption system, a pure relaxed surface, and an intermediate, respectively.
The gas-phase molecular oxygen and molecular oxygen adsorbed on the surface were simulated spin-unrestricted in order to account for the unpaired electrons on the molecule. All other systems were computed spin-restricted.
Results and discussion
Surface characterization
The monometallic Au (100) and bimetallic Au/M (100) surfaces examined in this paper are shown in Figure 1 . The monometallic slab is composed of five Au layers. The bimetallic pseudomorphic overlayer surfaces are composed of five metal layers with Pt, Cu, or Fe in the first and Au in the other four underneath layers. Au-M (100) in this text stands for a pseudomorphic monolayer of M on an Au (100) surface. On the other hand, in bimetallic pseudomorphic submonolayer surfaces, Pt, Cu, or Fe atoms construct the second layer. Moreover, Au-M-Au (100) stands for pseudomorphic submonolayer of M in an Au (100) slab.
All slabs are constructed according to an fcc crystal structure with an experimental lattice constant of the substrate element, Au (100), that is equal to 4.080 Å. Therefore, at the preliminary geometry, the interlayer spaces were set to the experimental bulk value of 2.884 Å for Au (100). Then, the geometry was relaxed to obtain the optimized interlayer distance for each structure. Table 1 
where the interlayer distance (before relaxation) is equal to 2.884 Å. Interlayer distances (after relaxation) for all slabs are reported in Table 1 . According to these DFT calculations, the relaxation value for the Au (100) surface is not remarkable. The topmost layer of the Au (100) surface was seen to spread out with 2.77%. There is very little surface relaxation for the bimetallic Au-Pt (100) surface. Unlike the surface extension in Au (100), the top layer in Au-Pt (100) contracts to the bulk with 0.69%. Because of stronger interactions of the surface layer with the substrate layers in Au-Cu (100) and Au-Fe (100) slabs, the relaxations are larger than that of Au (100). The top layers in Au-Cu (100) and Au-Fe (100) contract to the bulk with 8.33% and 9.37%, respectively. To compensate for the enhanced electronic charge density due to contraction of the surface layers in Au-Cu (100) and Au-Fe (100), the second Au layer was seen to spread out with 3.47% and 3.82% away from the third metal layer, respectively. The maximum amount of surface relaxation is seen in Au-Fe (100) with a contraction of about 9.37%. Surface relaxation in the bimetallic Au-Pt-Au slab is very small. Unlike the surface extension in Au (100), the first and second layers in Au-Pt-Au (100) close to the bulk with 0.35%. In the bimetallic Au-Cu-Au (100), the second metal layer closes to the bulk with 5.55% similar to the first metal layer (with 6.59%). To compensate for the enhanced electronic charge density due to contraction of the first and second layers in bimetallic Au-Cu-Au, the third Au layer was seen to spread out with 3.47% away from the fourth metal layer. It was remarkably noticed that in submonolayer bimetallic systems, again, the system containing Fe, i.e., Au-Fe-Au (100), has the maximum amount of surface contraction. It is observed that Au-Fe-Au (100) has the most amount of expansion in the third and fourth layers. The metal layers of the substrate in the bimetallic Au-M (100) slabs display relaxations similar to those the monometallic Au (100) systems. For example, the second metal layer (i.e., the first Au layer in substrate layers) of the Au-Pt (100) slab spreads out with 2.08% which is approximately equivalent to the relaxation of the surface layer of the Au (100) slab (+2.77%). Likewise, the second metal layer of the Au-Cu (100) surface spreads out with 3.47%, which is comparable with the expansion of the surface layer of the Au (100) surface (+2.77%). In all bimetallic Au-M-Au (100) surfaces except Au-Fe-Au (100), the third to fourth metal layers display relaxations similar to those of the second to third metal layers in the corresponding bimetallic Au-M (100) slabs. The results indicate a smaller Au/M interlayer distance for Au-M (100) surfaces in comparison to the topmost Au/M interlayer distance in corresponding Au-M-Au (100) surfaces. This fact implies stronger Au/M interaction in Au-M (100) surfaces.
The electronic properties for pure Au (100) and pure bimetallic Au/M (100) slabs are illustrated in Table 2 . The location of the d-band center relative to the Fermi level was utilized to analyze the chemisorption of adsorbates on metal surfaces [15, 16] . This parameter determines the amount of interaction between the adsorbate orbital states and metal d states for electron donation and backdonation [17] . The d-band center is defined as the first-order moment of the normalized projected density of states (DOS) about the Fermi level. The various moments of the DOS for one specific orbital or total sum of orbitals are determined using the following equation:
where n is the order of the moment, ρ is the density of states, ε is the energy, and ε 0 is the reference energy which is usually set to the Fermi energy. The total normalized number of states is defined by the zeroth-order moment (n = 0) of DOS. The average energy of the DOS, i.e., DOS 'band center' , is determined by the firstorder moment (n = 1) [18] . (100) with that of Au-Pt (100), Au-Cu (100), and Au-Fe (100) indicates that the surface metal atoms have had a large effect on the d-band. These findings indicate that by using different bimetallic combinations, the value of the surface d-band center that is directly related to surface chemical properties can be easily controlled. The effects of such modification will be illustrated all over the remainder of this paper. For more detailed information, please refer to our previous work [19] .
Oxygen reduction reaction intermediates and their interactions with Au (100) and bimetallic Au/M (100) (M = Pt, Cu, and Fe) surfaces
In the following sections, we discuss the individual intermediates on the Au (100) and bimetallic Au/M (100) surfaces. 
Molecular and atomic oxygen
Various adsorption sites were considered including top, bridge, and hollow sites with different orientations of the adsorbates (flat, end-on, and tilted). For each of the adsorption sites, only the results for the most stable orientation are presented. A detailed study on atomic oxygen adsorption taking the effect of surface oxygen coverage into consideration is provided in our previous work [19] .
In the first place, in order to study the adsorption of one oxygen atom on the Au (100) 2 × 2 and Au/M (100) 2 × 2 surfaces, E O ad was obtained. It actually means the coverage, Θ, of 0.125 ML for each surface. As shown in Figure 3 , we examined three adsorption sites (hollow, bridge, and top) for all surfaces.
For each adsorption site, E O ad and d O-S (the distance between O and the surface) are listed in Table 3 . It was found that in the Au (100) surface, even though d O-S in the bridge site is longer than that in the hollow site, the bridge site is 0.53 kJ/mol more stable than the hollow site. It is an unremarkable difference; we can conclude that those two sites are evenly populated at low coverages.
The values of E O ad for the hollow and bridge sites are larger than the values for the top site in all surfaces. This is because of the low coordination of the top site that is not favorable for adatom binding on transition metal surfaces. In bimetallic Au-M-Au (100) slabs, there is very little change in E O ad when compared to monometallic Au (100). This little difference in adsorption energy, considering the precision of the DFT technique, causes the assumption that both Au (100) and bimetallic Au-M-Au (100) slabs have similar strengths of adsorption for oxygen. However, for the bimetallic Au-M (100) slabs, oxygen adsorption energy is very high. The maximum value of E O ad (427.79 kJ/mol) is related to the Au-Cu (100) surface which is in good agreement with the large contraction in this surface (−8.33%). The d-band density of states for the surface and second metal layer in both the pure and oxygenchemisorbed systems are shown in Figure 4 . There is a small disturbance in the electronic DOS for the second metal layers. However, the d-bands for the surface layers of Au (100) and Au/M (100) systems are changed by oxygen adsorption. This change is considerable in Au-Cu (100) and Au-Pt (100).
The differences in the oxygen atom adsorption on the Au (100) and Au/M (100) surfaces are also investigated by the adsorption-induced changes in the Löwdin charges. We obtained the Löwdin charge (the number of valence electrons) of each atom in the supercell system from the Löwdin population analysis based on the projected electron densities of states. The total Löwdin charges for Au (100) and Au/M (100) slabs were obtained by making a sum of the Löwdin charges of all atoms in them. Table 4 gives the charge changes (ΔQ) for slabs and atomic oxygen in different supercell systems, which were calculated by subtracting the Löwdin charge of the corresponding component in its isolated form from that in the optimized adsorption structures. A positive value of ΔQ will imply a gain of electrons by the component. When an oxygen atom is adsorbed on the metallic surfaces, the oxygen atom is negatively charged. It can be seen that the largest loss of a Löwdin charge of ca. 0.438 e by the metallic slab and the largest charge gain of about the same amount (0.409 e) by the atomic oxygen occur upon the oxygen adsorption on the Au-Pt-Au (100) system. Therefore, it can be concluded that the presence of the second metal plays a fundamental role in the modification of the electronic properties of bimetallic surfaces. Further analysis indicates that the charge loss of the Au (100) and M/Au (100) slabs occurs mainly in their d orbitals, and the gained charges in atomic oxygen mainly go to p orbitals. This means that a d-p charge transfer between the metallic substrate and atomic oxygen occurs in the chemisorption process. It should be pointed out that the values of ΔQ given in Table 4 may not represent the exact charge gain/loss for each component in the supercell systems since some parts of the 'delocalized' or 'bonding' charges may be missed in such calculations. These charges may be located in regions that are not included in the atomic orbitals within which the LDOS are integrated to obtain Löwdin charges. In DFT calculations, the atomic orbitals used for charge calculations Figure 6 Hollow, bridge, and top configurations, energies of adsorption, and geometry specifications of HO 2 species on surfaces. are arbitrary to some extent [20] . In addition, some charges may also spill out into the vacuum region in some cases [21] . Due to the same reasons, the Löwdin charges (as well as other conventional atomic charges) do not satisfy a sum rule. For example, the Löwdin charge gain of atomic oxygen does not exactly match the value of charge loss by the metallic slab in magnitude. However, this would not refute the fact that charge transfer does occur. Molecular oxygen on the Au (100) or Au/M (100) surfaces could be formed upon adsorption of O 2 molecules from the solution or from the gas phase [13] .
Structural and energetic parameters of O 2 adsorption are shown in Table 5 . All of the three adsorption siteshollow, bridge, and top -are stable in O 2 adsorption. The most stable appears to be the hollow site in Au-Fe-Au (100) with the molecule lying flat on the surface. For the bridge site, the most stable configuration is the molecule lying flat on the surface in Au (100). On the top adsorption site, in Au-Pt-Au (100), the molecule is in the tilted configuration. This state is characterized by a longer Au-O distance from the surface of 2.35 Å, suggesting a rather weak chemical interaction compared to the hollow or bridge sites ( Figure 5) .
In molecular oxygen adsorption as well as atomic oxygen adsorption, the oxygen molecule is charged due to electron charge transfer from the metal surface. The electron charge transfer occurs from the conduction band of the metal to the 2π* molecular orbitals of O 2 . The change of the electronic state is also clearly reflected in the O-O bond distance, which increases in the same order of states from 1.25 Å in Au-Pt-Au (100), which is comparable to the gas-phase isolated O 2 molecule, to 1.45 Å in Au-Fe-Au (100). On the top site, the oxygen molecule retains its original charge state ( Figure 5 ). Different 'charged' states of the molecular oxygen are observed as a result of the very close proximity (on eigenvalue energy scale) of the 2π* molecular orbitals (MOs) of molecular oxygen to the Fermi level (i.e., the highest occupied electron band of the metal). On different adsorption sites, and thus by different local chemical and electrostatic environments, the 2π* MOs are above or (partially) below the Fermi level, resulting in a (partial) electron transfer. In the oxygen reduction reaction, hydroperoxyl HO 2 intermediates on the metal surface could be formed in a couple of ways:
This is a purely chemical reaction, i.e., there isnot any charge transfer through the interface.
The second way is
This is an electrochemical step involving a hydronium ion H + (aq) from the solution and an electron e − from the cathode. The overall formation reaction of HO 2 /Au from O 2 and H 2 is
In all the calculated cases, HO 2 is stable, and no dissociated form is found. To calculate the binding energies, the HO 2 radical is taken as a reference in the gas phase, with a O-O bonding distance of 1.35 Å, O-H distance of 0.99 Å, and O-O-H angle of 104.96°. After adsorption, the molecule tilts on top of two metal atoms; this is due to the weaker interaction of the OH side of the molecule with the surface. In all cases, as it can be expected, the bonding is realized primarily through the non-H-bonded oxygen atom of the HO 2 . For the bridge and hollow configurations, one could guess that an additional bond is being formed through the second oxygen atom. In all cases, the HO 2 species are charged as a result of an electron charge transfer from the metal surface. The adsorption energies and geometries are listed in Table 6 , and Figure 6 shows the geometries over the surfaces.
Hydroxyl (OH)
Hydroxyl on the surface could be formed via
The overall formation reaction of HO/Au is
Hydroxyl is maybe one of the most important oxygen reduction reaction intermediates; experimental data imply that it adsorbs strongly on the catalyst surface blocking active sites [22] and that its degree of interaction with different transition metal surfaces is an important indication of its efficiency toward oxygen reduction. In all surfaces in this study, the preferred adsorption site for hydroxyl is found to be the bridge site. At a higher OH concentration, a hydrogen bond is formed between adsorbed neighbor OH species. This effect further stabilizes the OH groups. The OH species can be considered as negatively charged due to electron charge transfer from the metal surface. The adsorption energies and geometries are listed in Table 7 , and Figure  7 shows the geometries over the surfaces.
Hydrogen peroxide (H 2 O 2 )
Formation of H 2 O 2 could occur as a result of a chemical reaction between OOH and water (9) or after electrochemical reduction of OOH:
The overall formation reaction of H 2 O 2 is
The most stable electronic configuration for H 2 O 2 is a singlet with bond lengths of 1.47 Å for O-O and 0.98 Å for O-H, angles of about 100°for H-O-O, and a dihedral angle of about 112°. We were not able to find stable adsorption sites of H 2 O 2 on the studied surfaces. When it is placed over a surface, dissociation is observed in all systems. After dissociation, two OH species are observed only in one configuration, where one OH adsorbs on the top site and the other is in a near-hollow position for all studied surfaces. The adsorption energies and geometries are listed in Table 8 , and Figure 8 shows the geometries over the surfaces.
The density of states for adsorption on Au (100) is shown in Figure 9 . All adsorbates are similar in that they exhibit a bonding peak with the O-p electrons overlapping the bottom of the Au d band. Molecular oxygen as well as the hydroperoxyl exhibits a second p-electron peak below the bonding peak, which is characteristic of the π bond between the two oxygen atoms. The hydropyroxyl exhibits an additional peak composed of s and p electron densities resulting from the O-H bond. This sp peak is also apparent in OH, where only one p-electron peak exists. Only atomic oxygen does not feature a second peak immediately below its p-electron overlap with the d band. Therefore, adsorption of these intermediates involves two phenomena: bonding and antibonding interactions in agreement with the Hammer and Norskov model for adsorption [23] . Peaks of p-orbital states related to O-O bonds are also present above the d band for O 2 and HO 2 adsorption.
Experimental
The background of all our work is the solution of Schrödinger's equation to describe the interactions of atoms in a solid modeled by two-or three dimensionally periodic arrangements of atoms. In principal, no empirical parameters are needed for our calculations. The only -and crucial -approximation has to be made for the many-body interaction of the electrons surrounding the atomic nuclei which is done in the framework of density functional theory. Because of the fundamental approach, our calculations require substantial computational costs depending on the size of the systems, i.e., the number of atoms in the unit cell. Systems of 50 to 100 atoms can still be reasonably treated on the fastest machines including workstations. Therefore, we constantly work on optimization of codes and methods and on providing sufficient access to the most powerful computer systems available. On the other hand, a first-principles approach allows the treatment of all types of atoms and many different systems with the same machinery. Therefore, the spectrum of systems which are studied is huge, ranging from free atoms, clusters, bulk solids, interfaces, surfaces, and molecules on surfaces. For such systems, important physical and chemical properties can be derived solely based on hard numbers without any empirical parameters.
Conclusions
DFT calculations were performed on Au (100) and bimetallic Au/M (100) (M = Pt, Cu, and Fe) surfaces to understand how the presence of the second metal can influence the adsorption of intermediates of the oxygen reduction reaction. The adsorption energy of hydroxyl is probably an important factor in the determination of the surface's resistance to inhibition of the oxygen reduction reaction, while the O and O 2 adsorption energies help to determine the kinetically limited steps.
By weakening the hydroxyl adsorption, the catalyst surface become more resistant to hydroxyl accumulation, and therefore, it eliminates the repulsion interaction of oxygen reduction intermediates. Au-Pt-Au (100) has the biggest hydroxyl adsorption energy. Therefore, it can be concluded that the presence of the submonolayer of Pt in this bimetallic system has helped hydroxyl species occupy the active sites, and consequently, it is not an appropriate catalyst for oxygen reduction reaction.
